Objects in the environment may be attended selectively and perceived as unified ensembles of their constituent features. To investigate the timing and cortical localization of feature-integration mechanisms in object-based attention, recordings of eventrelated potentials and magnetic fields were combined with functional MRI while subjects attended to one of two superimposed transparent surfaces formed by arrays of dots moving in opposite directions. A spatiotemporal analysis revealed evidence for a rapid increase in neural activity localized to a color-selective region of the fusiform gyrus when the surface moving in the attended direction displayed an irrelevant color feature. These data provide support for the ''integrated-competition'' model of object-selective attention and point to a dynamic neural substrate for the rapid binding process that links relevant and irrelevant features to form a unified perceptual object.
Objects in the environment may be attended selectively and perceived as unified ensembles of their constituent features. To investigate the timing and cortical localization of feature-integration mechanisms in object-based attention, recordings of eventrelated potentials and magnetic fields were combined with functional MRI while subjects attended to one of two superimposed transparent surfaces formed by arrays of dots moving in opposite directions. A spatiotemporal analysis revealed evidence for a rapid increase in neural activity localized to a color-selective region of the fusiform gyrus when the surface moving in the attended direction displayed an irrelevant color feature. These data provide support for the ''integrated-competition'' model of object-selective attention and point to a dynamic neural substrate for the rapid binding process that links relevant and irrelevant features to form a unified perceptual object. E veryday visual scenes often include a multitude of objects that differ in their contours, feature constituents, and locations in the visual field. Specific objects may be selected for preferential processing and action by directing attention to their locations (1) or to their individual features such as color or shape (2) (3) (4) . There is mounting evidence that visual attention may also select out whole objects as integrated feature ensembles (5) (6) (7) (8) (9) (10) (11) (12) (13) . Little is known, however, about the neural mechanisms that enable the different features of objects, which may be represented in widely dispersed cortical areas, to be bound together into a unified percept (14) .
Neurophysiological studies in monkeys have led to theoretical proposals that attempt to account for object-based attentional selection. According to the ''biased-competition'' hypothesis (15) (16) (17) , the neural representations of neighboring objects are mutually inhibitory and compete with one another for precedence. This competition may be biased by both bottom-up factors such as stimulus intensity and by top-down factors such as task relevance and attention. Duncan (18) has proposed further that this competition between objects is integrated across the different cortical regions that encode their constituent features. Thus, when attention is directed to one feature of an object, all of its features will tend to become dominant in their respective cortical modules, and the selected object will gain competitive advantage throughout the network of interconnected feature-specific areas.
A key prediction of this ''integrated-competition'' model (18, 19) is that directing attention to one feature of an object will result in the selection of its other features, not only those relevant to the task at hand but also currently irrelevant features. Physiological evidence for such selection comes from a neuroimaging study by O'Craven et al. (20) in which subjects were directed to attend to pictures of either houses or faces that were superimposed to preclude selection by spatial attention. On a given run, either the house or the face image was continually in motion. It was found by using functional MRI (fMRI) that neural activity was increased not only in the cortical area specific to the attended stimulus attribute (for faces, the fusiform face area; for houses, the hippocampal place area; for motion, the middle temporal area) but also in the area encoding the taskirrelevant attribute of the attended object.
The study by O'Craven et al. (20) provides evidence for an object-based attention mechanism that selects irrelevant features of an attended object in their respective cortical modules. Because of the limited time resolution of fMRI, however, the dynamic properties and functional significance of this mechanism remain unclear. In particular, with fMRI it is not possible to determine whether such a selection of irrelevant features occurs rapidly enough to participate in the feature-integration processes that lead to the perception of a unified attended object. The present study investigated this question by recording eventrelated potentials (ERPs) and event-related magnetic fields (ERFs) together with fMRI while subjects attended to multifeature objects formed by moving-dot arrays. This spatiotemporal analysis found that an irrelevant feature (color) was activated in its specialized cortical module within a few tens of milliseconds after initial registration, rapidly enough to provide a mechanism for the binding and perceptual integration of the multiple features of an attended object.
Methods
Subjects. Eight healthy subjects (four male, ages 21-27 years) with normal color vision and normal or corrected-to-normal acuity participated as paid volunteers in the ERP͞ERF experiment. Four of these subjects (three male) also participated in the fMRI experiment. All gave informed consent, and the study was approved by the local ethics committee.
Stimuli. In the ERP͞ERF experiment, moving-dot stimuli were presented on a video monitor situated 120 cm in front of the subject. Stimuli were presented against a dark background (0.22 cd͞m 2 ) within a square region (4°ϫ 4°) that was centered on the vertical meridian 3°above a central fixation cross (to the lower edge of the square). One hundred stationary white dots (200 cd͞m 2 ) were present continuously in this square during the intertrial intervals. At the start of each trial a random half of the dots moved coherently to the left while the other half moved simultaneously to the right for 300 ms. Each dot population was colored uniformly, and they were perceived as two transparent surfaces moving in opposite directions. The task-irrelevant color could either be maintained as white (the same as in the intertrial interval) or changed to an isoluminant red during the 300-ms period of movement. Red͞white isoluminance was established through heterochromatic flicker photometry.
The color of the left-or right-moving dots could be either red or white on a pseudorandom basis, leading to three basic stimulus combinations (see Fig. 1 ): red-left͞white-right, whiteleft͞red-right, and white-left͞white-right. Also on a pseudorandom basis, the velocity of the dot movement in either direction could be either slow (4°͞s, on 75% of the trials) or fast (7°͞s, on 25% of the trials). The intertrial interval varied randomly between 1.2 and 2.0 s, after which the 100 stationary dots were randomly reassigned to either the right-or left-moving surfaces.
During the fMRI experiment the stimuli were presented via a projector͞mirror system. The stimulus parameters were identical to those of the ERP͞ERF sessions, except that the intertrial interval was varied between 1.0 and 7.0 s following a gamma function to allow trial separation in an event-related analysis.
Procedure. Before each block of 16 trials, a symbolic cue (arrow pointing to the left or right) replaced the fixation cross for 2 s, indicating to the subjects which direction of movement (i.e., which surface) was to be attended on that block. On each block a target stimulus (fast movement in the attended direction) could occur one to three times at random. Subjects were instructed to press a button as quickly as possible after detecting a target and to ignore the colors of the dots. After 16 trials a new cue appeared, which was followed by the next block of trials. Each experimental run consisted of 10 blocks and had a duration of either 5-6 min (ERP͞ERF recordings) or 8-9 min (fMRI). Before the experimental sessions, subjects were trained to maintain fixation on the central cross during task performance as verified by recording the electrooculogram. ERP͞ERF Recordings. Data acquisition. ERPs and ERFs were recorded simultaneously by using a BTI Magnes 2500 WH (Biomagnetic Technology, San Diego) whole-head system with 148 magnetometer channels and 32 electroencephalogram channels (NeuroScan, El Paso, TX). Recording bandpass was DC-50 Hz bandpass with a sampling rate of 254 Hz. Artifact rejection was performed offline by removing epochs with peak-to-peak amplitudes exceeding a threshold of 3.0 ϫ 10 Ϫ12 T, as well as epochs before, during, and after button presses. Individual head shapes were coregistered with the sensor coordinate system by digitizing (Polhemus 3-Space Fastrak, Colchester, VT) skull landmarks (nasion, left and right preauricular points) and determining their locations relative to sensor and electrode positions by using signals from five distributed head coils. These landmarks enabled coregistration of ERP͞ERF activity with individual anatomical magnetic resonance scans that were used to help constrain realistic source reconstruction. Fixation was monitored with vertical and horizontal electrooculogram recordings. Data analysis. Separate ERP and ERF averaged waveforms timelocked to motion onset were derived for each of the six trial types (three stimulus conditions ϫ two attention conditions; see Table  1 and Fig. 1 ). Only responses to the more frequent nontarget (slow) stimuli were analyzed here. To determine the sensory effect of the presence of color, difference waves were formed by subtracting the ERP͞ERF waveforms elicited on the no colorchange trials from those on trials when the dots moving in the unattended direction changed to red. To determine the effect of attention on color processing, difference waves were formed by subtracting the ERP͞ERF waveforms on trials where the dots moving in the unattended direction changed to red from those where the attended-direction dots changed to red. Effects were quantified as mean amplitude measures over specified latency intervals (with respect to a 200-ms prestimulus baseline) at the sensor͞electrode sites showing the largest amplitudes and tested with repeated-measures analysis of variance (ANOVA). To determine the time of onset of the sensory and attention effects, mean amplitude measures were taken over successive 10-ms intervals and tested by ANOVA for deviation from baseline (P Ͻ 0.05 criterion); the first of five successive 10-ms intervals meeting this criterion was considered the onset time.
Source analysis was carried out by using multimodal neuroimaging software CURRY 4.0 (Neuroscan). ERP and ERF surface field distributions were fitted in conjunction to obtain maximal localization power (21) . Source modeling was performed by using regional equivalent current dipoles in a realistic boundary element model of the head derived from a structural magnetic resonance scan. Dipoles were modeled to fit to the grand average ERP͞ERF difference fields by using the boundary element model from the subject whose brain dimensions were closest to the mean of all subjects (22) . The following procedure was used for source modeling. The difference field was first modeled by using a single, unconstrained, equivalent current dipole. Because these single-dipole models explained Ͻ90% of the field variance, however, a second dipole had to be added. During the iterative best-fitting estimation calculations, the dipoles were allowed to move within the volume conductor without any constraints. This iterative best-fitting procedure resulted in these two dipoles settling into symmetrical locations in inferior occipital cortex of the left and right hemispheres.
MRI. Subjects were scanned with a neurooptimized GE Signa LX 1.5-T system (General Electric). In a structural session, wholehead T1-weighted images (spatial resolution, 1.0 ϫ 1.0 ϫ 1.5 mm; in-plane matrix, 256 ϫ 256; 124 slices, no gap) were acquired with Talairach coordinates in the left and right hemispheres of significant group-averaged fMRI activations and modeled dipolar sources for the grand average ERP͞ERF difference fields corresponding to the sensory and attention effects are shown. a quadrature head coil by using a three-dimensional spoiled gradient echo sequence (repetition time͞echo time͞flip angle ϭ 24 ms͞8 ms͞24°).
For the functional session, a 5-inch surface coil was centered beneath the subjects' occipital pole. During task performance, functional data from 20 slices (matrix, 64 ϫ 64; field of view, 18 cm; slice thickness, 3 mm; no gap, orientation perpendicular to the calcarine fissure) covering the occipital cortex were collected by using an echo-planar imaging gradient echo sequence (repetition time͞echo time͞flip angle ϭ 2,000 ms͞40 ms͞80°, ramp sampling on). The experiment consisted of six runs, each lasting 8-9 min (260 volumes). fMRI: Eye-movement control. During functional runs, a video recording showing movements of the left eye of the subject was obtained by means of an infrared-light transmission device and fiber-optic cable. The resolution of this system for the detection of eye movements was better than 0.5°. Performance was monitored online, and all subjects were able to maintain fixation with Ͻ1°deviation. fMRI analysis. Data from each subject were analyzed at first individually (SPM99, Wellcome Department of Cognitive Neurology, University College, London). The first four images of each run were removed to exclude saturation effects. The images were time-sliced, realigned to the fifth scan of the first run, normalized on the Montreal Neurological Institute template, resliced to 2 ϫ 2 ϫ 2 mm 3 cubic voxels, and spatially smoothed (Gaussian kernel, 6 mm). Individual anatomical scans were coregistered with the functional images and normalized to 2 ϫ 2 ϫ 2 mm 3 to serve as an overlay for the activated areas. Functional data were temporally high-and low-pass-filtered and rescaled to the global mean. Statistical analysis of the data was performed by using the standard hemodynamic-response function in an event-related design for each subject (SPM99). Group analyses were performed by using the fixed effects model approach. The effects were thresholded at P ϭ 0.01, corrected for multiple comparisons and for cluster size (23) . For coregistration, fMRI and ERP͞MEF data were brought into the Montreal Neurological Institute space frame. The coordinates of the electromagnetic sources and fMRI activations were then transformed into Talairach space coordinates by using the mni2tal-transform (www.mrc-cbu.cam.ac.uk͞Imaging͞ mnispace.html).
Results
Behavioral Responses. Subjects were accurate at detecting the faster moving-target dot arrays, with mean hit rates ranging from 88% to 93% and false-alarm rates from 1.6% to 2.1% under the different conditions. Mean reaction times (RTs) ranged from 654 to 703 ms. There were no significant differences in detectability or RT between the left-and right-moving targets: hit rate, F(1, 7) ϭ 0.01, not significant (ns); false-alarm rate, F(1, 7) ϭ 0.31, ns; and RT, F(1, 7) ϭ 0.83, ns. More importantly, the color configuration of the moving-dot arrays (comparing attendedred͞unattended-white, attended-white͞unattended-red, and attended-white͞unattended-white) did not affect detection performance: hit rate, F(2, 14) ϭ 0.11, ns; false-alarm rate, F(2, 14) ϭ 0.10, ns; and RT, F(2, 14) ϭ 0.52, ns. These factors of target direction and color configuration did not interact significantly.
Sensory Effect of Color. The ERP to the onset of dot movement included a broadly distributed positive wave that onset at Ϸ100 ms and peaked at 200-250 ms ( Fig. 2A) . When an irrelevant color change was added to the dot array moving in the unattended direction, an additional positivity was elicited in the 150-to 250-ms interval relative to when no color was present. This ''sensory effect'' of color (collapsed over attend-left and attendright conditions and measured over 190-240 ms) was significant in both the ERP [F(1, 7) ϭ 7.26, P Ͻ 0.03] and ERF [F(1, 7) ϭ 19.45, P Ͻ 0.003] recordings. The time course of the sensory color effect can be seen in the difference waveforms formed by subtracting the ERP͞ERF waveforms elicited in the no-color conditions from those elicited when the color of the unattended surface changed to red (Fig. 2B) . The surface topography of these difference waveforms had a midline central-parietal max- imum in the ERP and occipitotemporal maxima and minima in the ERF (Fig. 2C ). Source analysis indicated that a pair of dipolar neural generators in the ventral occipital cortex (left and right fusiform gyri) accounted for 94% of the variance in the surface-recorded ERP͞ERF difference fields (Fig. 2D) . The dipoles in the left and right hemispheres were approximately symmetrical in position, and they produced lateralized ERF foci of opposite polarity following the right-hand rule of magnetic field generation.
In the separate sessions with event-related fMRI, the corresponding sensory color contrast (color change in unattended dots versus no color change) revealed two symmetrical foci of activation (both P Ͻ 0.01, corrected) in the left and right fusiform gyri. These sites of enhanced hemodynamic response to the colored stimuli were spatially coincident with the dipolar sources calculated from the corresponding ERP͞ERF difference waveforms ( Fig. 2D and Table 1 ).
Attention Effect on Irrelevant Color Processing. The effect of attention on the neural activity elicited by the irrelevant color feature was assessed by comparing the ERP͞ERF waveforms on trials where the dot array moving in the attended direction changed color versus trials having the same stimuli but with the unattended dots changing color (Fig. 3A) . This ''attention effect'' comparison (collapsed over attend-left and attend-right trials) showed enhanced ERP͞ERF amplitudes over the 200-to 400-ms range when the attended dots changed color. This attention effect (measured over 230-280 ms) was significant for both the ERP [F(1, 7) ϭ 8.59, P Ͻ 0.02] and ERF [F(1, 7) ϭ 21.45, P Ͻ 0.002] recordings (Fig. 3B) . The surface topography of the attention effect (Fig. 3C ) could be accounted for by a pair of dipolar sources in the fusiform gyrus, which accounted for 92% of the variance in the ERP͞ERF difference fields (Fig. 3D) .
In the fMRI sessions, the attention-effect contrast between trials with the attended versus the unattended dot arrays changing color revealed two foci of activity (both P Ͻ 0.01, corrected) located in the left and right fusiform gyri (Fig. 3D) . These foci of increased activity on trials where the attended dots changed color were spatially coincident with the dipolar sources calculated from the corresponding ERP͞ERF difference waveforms ( Fig. 3D and Table 1 ).
Comparison of Timing of Sensory and Attention Effects.
The fMRI results showed that the increased neural activity corresponding to the sensory color effect was localized to the same region of the fusiform gyrus as the enhanced activity corresponding to the attention effect (Table 1 ). The locations of the calculated dipolar sources of the ERP͞ERF difference waveforms for the sensory and attention effects were virtually identical to these sites of fMRI activation. The relative timing of these two effects can be seen by comparing their respective difference waveforms (Fig.  4) . The sensory color effect became significantly different from baseline at 180-190 ms in the ERP and 190-200 ms in the ERF, whereas the attention effect became significant at 240-250 ms in the ERF and 230-240 ms in the ERP.
Discussion
The present study used hemodynamic (fMRI) and electromagnetic (ERP͞ERF) measures to define the timing as well as the localization of brain activity linked with the processing of an irrelevant color feature of an attended moving-dot array. Such arrays are perceived as coherently moving transparent surfaces, which may be attended selectively as unitary objects (refs. 8 and 24; see also ref. 25) . The behavioral results (target detection accuracy and RT) confirmed that stimulus color was in fact irrelevant to task performance. The converging fMRI and ERP͞ERF data indicated that processing of the irrelevant color feature in ventral occipital cortex was enhanced when it belonged to the attended surface, thus reinforcing previous physiological evidence that multifeature objects can serve as the units of visual attention (20) . Moreover the time course of the ERP and ERF waveforms showed that this irrelevant feature processing was facilitated quite rapidly, within Ϸ40-60 ms after the initial registration of the color information in the same cortical area. These findings provide strong support for the integratedcompetition model of object-selective attention (18) and demonstrate that enhanced processing of the irrelevant feature occurs quickly enough to participate in the feature-binding processes that underlie the perceptual unity of attended objects.
The timing of feature selection and binding processes has been estimated on the basis of both physiological (ERP) and behavioral (RT) evidence. Previous studies have found that taskrelevant visual features including color, orientation, shape, spatial frequency, and movement direction are selected in the time range of 120-180 ms after stimulus onset depending on cue discriminability (26, 27) . The selection and binding of taskrelevant conjunctions of these features usually entail an additional delay and become evident in the interval of 150-260 ms (28) (29) (30) . The present ERP͞ERF waveforms show that processing of the irrelevant feature of the attended object is enhanced in this same time frame (at 230-250 ms) and therefore could provide a neural basis for the perceptual integration of the multiple features of the object. Given the low temporal resolution of fMRI, use of this method alone would not have been able to distinguish such an early facilitation from a delayed associative activation that followed perceptual processing.
Enhanced neural activity associated with the presence of color in the unattended surface (sensory effect) was localized by using fMRI to the same region of the fusiform gyrus, as was the more pronounced increase in activity elicited when the attended surface was colored (attention effect). Dipole modeling of the ERP͞ERF components associated with the sensory-color and attention effects (starting at Ϸ190 and 230 ms after stimulus onset, respectively) showed that both effects could be attributed to neural generators in this same fusiform region. This spatial coincidence strongly suggests that the hemodynamic and electromagnetic measures, obtained under identical experimental conditions, were detecting the same neural activity patterns. Previous studies have shown that this ventral-occipital fusiform area (with Talairach coordinates in the range of x ϭ 19-33, y ϭ Ϫ63 to Ϫ74, and z ϭ 0 to Ϫ12) is involved in representing color information (31) (32) (33) and shows enhanced activity during attention to color (2, 34, 35) . The present results thus are in accord with the integrated-competition model (18, 19) , which posits that the neural basis for the perceptual integration of an attended object includes enhanced activity in the network of specialized modules that encode its individual features, including those that are not relevant to the immediate task.
According to Treisman's feature-integration theory (14) , the various features belonging to an object become bound together as a consequence of spatial attention being directed to the location of the object. Although this theory has wide applicability, it does not seem possible that spatially focused attention could effectively distinguish one surface from another in the case of dense, overlapped moving-dot arrays such as those used here (8, 24) . The integrated-competition model (18, 19) offers an alternative framework for addressing the binding problem that fits well with the present results. In this view, directing attention to one of an object's features produces a competitive advantage for the object in the neural module encoding that feature, which then is transmitted to the modules encoding the other features of the object. The resulting activation of the entire network of specialized modules would then underlie the binding of features into a unified perceptual object. Although questions remain about how this linkage between modules might be achieved (19, 20, 36) , the present findings point to a dynamic neural substrate for the rapid perceptual integration of multifeature objects and provide critical data on the timing of feature selection and binding processes that can be incorporated into both neural and psychological models of object-selective attention.
